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The liquid chromatography tandem mass spectroscopy residue determination of compounds
without any acidic or basic centers such as abamectin has been investigated. Several
approaches regarding the interface used and adduct formation have been compared. The low
acidity of the hydroxyl groups only made deprotonation feasible using the atmospheric
pressure chemical ionization (APCI) interface. To obtain sufficient sensitivity for residue
analysis, the Ion Sabre APCI interface was necessary. However, the sensitivity attained was
lower than for monitoring adducts in positive ion mode. Using electrospray ionization,
different adducts with Na, NH4
, and Li were tested and compared. The best results were
obtained for the ammoniated adduct in electrospray ionization (ESI) because of its high
sensitivity and the presence of several product ions with similar abundance. The highest
sensitivity was reached using an in-source fragment as precursor ion, leading to a limit of
detection (LOD) of 2 g/L with low relative standard deviation. The relatively high
abundance of other transitions allowed abamectin confirmation at concentrations close to the
LOD (6 g/L). Alkali ions were found to be a suitable alternative to determine and confirm
abamectin at residue levels. The [M  Na] also presented various product ions with similar
abundance, which allowed confirmation at LOD levels. However, this LOD was found to be
almost four times higher than with [M  NH4]
 because of the poor sensitivity of the
transitions obtained. Although the use of Li facilitated the fragmentation of the adduct [M 
Li], with similar sensitivity to [M  NH4]
, this fragmentation preferentially generated only
one product ion, which did not allow confirmation at concentration levels lower than 15 g/L.
The use of APCI for monitoring adducts was also feasible, but with less sensitivity. The
sensitivity increased with the Ion Sabre APCI, although it was still five times lower than with
ESI. Other adduct formers such as Co2 and Ni2 also were tested with unsatisfactory
results. (J Am Soc Mass Spectrom 2005, 16, 1619–1630) © 2005 American Society for Mass
SpectrometryThe atmospheric pressure ionization (API) inter-face development for liquid chromatographycoupled to mass spectrometry (LC/MS) is an
important advance for residue determination in analyt-
ical chemistry. This powerful analytical tool provides a
solution for determining many compounds that are not
amenable to analysis by gas chromatography (GC) as a
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doi:10.1016/j.jasms.2005.06.004result of their thermal instability and polarity [1]. In
some cases, the use of LC with conventional detectors
(UV, fluorescence or electrochemical detection) could
be an alternative, but it frequently lacks sufficient
selectivity and sensitivity for residue determination in
complex matrices.
Two API interfaces, atmospheric pressure chemical
ionization (APCI) and electrospray ionization (ESI),
have been widely used in the last 5 years [2] in the
biochemical, biotechnological [3], and environmental
fields [1, 4, 5]. These interfaces have allowed the devel-
opment of methods for determination of compounds
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ble with other analytical techniques, such as GC-MS or
LC-UV. However, the use of API interfaces has draw-
backs that are related mainly to the need for basic or
acidic centers in the analyte. The absence of these can
hinder the ionization necessary for obtaining a satisfac-
tory quantitative analytical method. This is the case
with compounds such as polycyclic aromatic hydrocar-
bons (PAH) or organochlorinated (OC) or polyoxygen-
ated compounds. Although GC-MS is a suitable tech-
nique for the selective and sensitive determination of
PAHs [6] and OCs [7, 8], the high molecular mass,
polarity, and low volatility of polyoxygenated com-
pounds prevents the use of this approach [9].
LC-API-MS appears to offer the best option for the
quantification and confirmation of low levels of
polyoxygenated compounds, in spite of the absence of
an acidic or basic center. The presence of hydroxyl
groups in some analytes could make deprotonation
possible in the negative APCI mode, because of its
efficient ionization of compounds with low polarity
[10 –12]. But the more general choice is adduct forma-
tion by the addition of different types of additives in the
mobile phase, because this approach allows the use of
both APCI and ESI interfaces.
Adduct ion formation generally is favored more in
ESI than in APCI. The most common ions for adduct
formation in the ESI source are alkali metal ions, such as
sodium and potassium. These exhibit strong affinity to
oxygenated centers (ether, ester, carboxylic, or alcohol
groups) and frequently are present as impurities in the
mobile phase, the extraction solvents, or even in the
determination system. Although these ions can gener-
ate valuable information in qualitative applications [13],
their use in quantitative methods is highly restricted
due to insufficient fragmentation and poor reproduc-
ibility. Thus, [M  Na] used to be discarded when
developing quantitative methods [14]. The most valu-
able alternative to [M  Na] is the use of ammonium
adducts after adding volatile ammonium salts as an
additive in the mobile phase. Ammonium adducts
present several advantages including usually easier
fragmentation [15] and the possibility of using both API
interfaces [16 –18]. Different primary amines also have
been tested for this purpose [16].
Other alternatives to the use of [M  Na] have been
tested that favor the formation of adducts with mono-
charged metals such as [M  Li] [19 –22], [M  Cs]  [19,
21, 22], [M  Rb] [22], or [M  Ag] [23] and doubly
charged metals such as calcium [24], magnesium [24],
cobalt [24, 25], zinc [21, 25, 26], copper [25], or nickel [21,
25]. Through these approaches valuable conclusions have
been obtained in qualitative applications but their use for
quantitative purposes still is very limited.
Macrocyclic lactones can be included within the
polyoxygenated compound group. Abamectin is an
insecticide that belongs to the macrocyclic lactone class
of avermectins and consists of a mixture of two homol-
ogous compounds, avermectin B1a (80%) and aver-mectin B1b (20%) [27]. Some LC-MS and liquid chro-
matography tandem mass spectrometry (LC-MS/MS)
methods have been published for abamectin, using both
ESI and APCI sources. Most were based on adduct
formation by ESI in positive mode, mainly ammonium
[28, 29] or sodium [27, 30, 31] adducts. Some authors
have developed quantitative [11] and confirmatory [10 –
12] analytical methods for avermectins, measuring the
deprotonated compounds in negative mode using
APCI. Others [32] developed methods using APCI in
positive mode, based on [M  NH4]
 formation. The
fact that abamectin is not easily ionizable has resulted in
different approaches being used, and no agreement
exists on the best way to determine this compound at
low concentration levels. Other interesting approaches
such as [M  Li] still have not been tested.
Our objective in this study is to give a comprehen-
sive overview on the critical influence of the use of
different ions or adducts to achieve reproducible ion-
ization. Reproducible ionization would allow the devel-
opment of sensitive analytical methods based on LC-
MS/MS. For this purpose, we evaluated different
ionization parameters and API sources (ESI, APCI and
the Ion Sabre APCI). The deprotonation of hydroxyl
groups as well as the formation of different adducts are
compared for the determination of abamectin. The use
of various mobile-phase additives is considered to
promote adduct molecule ions, with the purpose of
providing the basis for a robust, reproducible, quanti-
tative, and confirmative method at residue level in
citrus fruits.
Experimental Procedures
Reagents and Chemicals
Abamectin analytical reference standard was purchased
from Dr. Ehrenstorfer (Augsburg, Germany). Lithium
acetate dihydrate (LiOAc · 2H2O, 63%), cobalt(II) ace-
tate tetrahydrate (CoOAc · 4H2O, 98%), and triethyl-
amine ((C2H5)3N,99%) were obtained from Sigma (St.
Louis, MO). Nickel acetate (NiOAc · 4H2O, 98%) was
obtained from Panreac (Barcelona, Spain). Sodium ace-
tate anhydrous (NaOAc, 99%), ammonium acetate
(NH4OAc, 98%), high-performance liquid chromatog-
raphy (HPLC)-grade acetonitrile and HPLC-grade
methanol were supplied by ScharLab (Barcelona,
Spain). LC-grade water was obtained by purifying
demineralized water in a Nanopure II system (Barn-
stead, Newton, MA).
Standard stock solution was prepared by dissolving
abamectin in acetonitrile to a final concentration of 500
g/mL. For both LC-MS analysis and sample fortifica-
tion, the stock solution was diluted with acetonitrile.
Salts were prepared separately dissolving the neces-
sary amount in 25 mL of water to obtain a final concen-
tration of 500 mM (1.04 g of NaOAc, 2.02 g of
LiOAc · 2H2O, 3.18 g of CoOAc · 4 H2O, 0.98 g of
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NiOAc · 4H2O).
Instrumentation
An LC system Waters Alliance 2795 (Waters, Milford,
MA) was interfaced to a triple quadrupole mass spec-
trometer. The LC separation was performed using two
X-Terra columns (both from Waters) with different
dimensions depending on the interface: an X-Terra MS
C18, 5 m, 50  4.6-mm inner diameter (i.d.) for APCI
and Ion Sabre APCI at a flow rate of 0.8 mL/min; and
an X-Terra MS C18, 3.5 m, 50  1.0-mm i.d. for ESI at
a flow rate of 60 L/min. The mobile phases used were
an HPLC water/HPLC methanol gradient, both con-
taining an additive when necessary, where the percent-
age of organic solvent changed linearly as follows: 0
min, 35%; 2 min, 35%; 7 min, 90%; 14 min, 90%; 14.1
min, 35%, in ESI, and 0 min, 35%; 2 min, 35%; 7 min,
90%; 8 min, 90%; 8.1 min, 35%, in APCI.
A Quattro Micro API (quadrupole-hexapole-quadru-
pole, Waters) mass spectrometer with three different
interfaces was used; ESI, APCI and an Ion Sabre APCI
(Waters). Drying gas as well as nebulizing gas was
nitrogen generated from pressurized air in a high-
purity nitrogen generator NM30LA Gas Station from
Peak Scientific (Inchinnan, Scotland). For ESI, the des-
olvation gas flow and cone gas flow were selected 600
and 60 L/h, respectively. For APCI and Ion Sabre, the
desolvation gas and cone gas were set at a flow of 200
and 40 L/h, respectively.
Infusion experiments were performed using the
built-in syringe pump at a flow rate of 10 L/min for
ESI and the Alliance 2795 at a flow rate of 0.8 mL/min
for APCI.
To operate in MS/MS mode, collision gas was Argon
99.995% (Carburos Metalicos, Valencia, Spain) with a
pressure of 3 · 103 mbar in the collision cell. Capillary
(ESI) voltages of 3.5 kV and current intensity in Corona
(APCI) of 25 A were used. The desolvation tempera-
ture for ESI was set to 350 °C and the source tempera-
ture was set to 120 °C, and in the case of APCI, source
temperature was selected at 130 °C and APCI probe
temperature was set at 450 °C. Dwell times of 0.2 s/scan
were chosen. Solvent delay was selected at 9 min (ESI)
and 5 min (APCI) to give an additional cleanup using
the built-in divert valve controlled by the Masslynx NT
v. 4.0 software (Waters). The Quanlynx application
manager (Waters) was used to process the quantitative
data obtained from calibration standards and from
orange samples.
Sample Procedure
Whole orange samples were cut into small pieces with-
out any pretreatment and were triturated. Homoge-
nized orange sample (25 g) was accurately weighted
(precision, 0.1 mg) and mixed with 80 mL of HPLC
acetonitrile. After extraction for 2 min with a high-speed blender Ultra-Turrax T25 (Janke & Kunkel,
Staufen, Germany) at 8000 rpm, the entire extract was
filtered through a filter paper and washed with HPLC
acetonitrile. Finally, the volume was adjusted to 100 mL
with HPLC acetonitrile. Fortification of the extracts was
performed after the extraction procedure at the 200-
g/L concentration level. Analyses were performed
using the LC-ESI-MS/MS system described previously,
by direct injection of orange extracts: 3 L for ESI and
50 L for APCI and Ion Sabre APCI.
Results and Discussion
Optimization of MS Conditions
Different hydroxy-macrocyclic lactones have been de-
termined either by negative ionization mode, especially
for phenolic compounds [11, 12], or by positive ioniza-
tion mode, when an amine group was present [33]. For
abamectin, its chemical structure made its deprotona-
tion feasible due to the presence of three hydroxyl
groups and therefore its determination by negative
ionization was possible. The absence of basic centers
prevents the direct determination of abamectin as a
protonated ion. Therefore, the use of triethylamine
(Et3N) as a proton scavenger was tested in negative
ionization mode whereas the formation of adducts with
sodium, ammonium, lithium, nickel, and cobalt was
promoted in positive ionization mode by the addition
of their acetate salts in the infusion solution (Figure 1).
Results regarding ionization and fragmentation were
compared and discussed. Additionally, possible frag-
mentation pathways have been proposed (Figures 2-4),
although these hypotheses would need to be supported
by isotope labeling, MSn, or theoretical calculations.
Chromatographic Signal Optimization
To make all the chromatographic experiences compara-
ble, two X-Terra columns were used with internal
diameter, flow rate, and injection volume optimized for
ESI and APCI, respectively. These columns allowed us
to use all additives tested, including the relatively basic
Et3N, because of their high-working pH. Although a
comparison between ESI and APCI, regarding differ-
ences in absolute sensitivity, could have been per-
formed in terms of picograms on column, the aim of this
study was to compare both interfaces from a practical
point of view and therefore we used injected concen-
tration (g/mL) for the comparison.
When working with adduct formation in API inter-
faces, two opposite effects must be considered. On one
hand, the presence of small amounts of adduct cation in
the mobile phase is necessary to promote the formation
of the [M  X]. But on the other hand, the presence of
these salts in the mobile phase can produce ionization
suppression, drastically reducing the sensitivity of the
method. Therefore, the additive concentration in the
mobile phase has to be optimized to balance both
1622 GRIMALT ET AL. J Am Soc Mass Spectrom 2005, 16, 1619–1630effects. Results obtained for this optimization, in all
approaches tested in the spiked orange extract, are
shown in Table 1.
To obtain a quantitative and confirmative method,
the following aspects have to be taken into account: (i)
possible matrix effect produced by co-eluted compo-
nents of the matrix, (ii) the reproducibility of the
method, and (iii) the possibility of recording more than
one sensitive transition to confirm positive samples. In
the case of abamectin residue determination in orange
samples, no appreciable matrix effect was observed
(recoveries were between 80 and 110%) and, therefore,
this effect has not been discussed here. This study
focused on sensitivity, reproducibility, and the possibil-
ity of confirming positives in samples. To confirm the
identity of an analyte, a minimum of two transitions
needs to be acquired [34]: a quantitative transition (Q)
and at least one confirmative transition (q). A ratio
calculation between quantitative and confirmative tran-
sition intensities was made by dividing the responses of
Q by q. Similar sensitivity for both transitions (Q and q)
is desirable for confirmation at low concentrations,
Figure 1. Full scan mass spectrum (bottom) an
conditions acquired by infusion of 4.5 g/mL of
Et3N, (b) positive ESI without any additive, (c) p
LiOAc.preferably at the limit of detection (LOD) level. Table 2shows the relative standard deviation (RSD) and the
average Q/q ratio (n  10) obtained for all approaches
tested in orange extracts spiked with abamectin at 200
g/L level. The closer theQ/q value is to one, the better
the method for confirmative purposes at low residue
levels.
Negative Ionization
When checking ESI in negative ionization mode no [M 
H] was obtained even after addition of Et3N. Only a
weak peak corresponding to the acetate adduct ([M 
CH3COO]
) was obtained after adding ammonium ace-
tate, but the low intensity of this peakmade it unadvisable
to use this for quantitative analysis at the residue level.
On the other hand, although the use of conventional
APCI allowed the deprotonation of abamectin, the
sensitivity was not enough for residue determination,
necessitating the use of Ion Sabre APCI to obtain
satisfactory results. Figure 1a shows Ion Sabre APCI
spectra for abamectin in mass spectrometry (bottom)
and MS/MS (top) mode by infusion of 4.5 g/mL of
duct ion spectra (top) of abamectin in different
ard solution. (a) Negative Ion Sabre APCI 5-mM
e ESI 1-mMNH4Oac, and (d) positive ESI 1-mMd pro
stand
ositivstandard solution. The mass spectrometry spectrum
athw
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to the [MH] ion optimized at a cone voltage of 35 V.
This peak was optimized by addition of 10 mM of Et3N
to increase the deprotonation, confirming the low acid-
ity of these hydroxyl groups. Regarding the MS/MS
Figure 2. Proposed fragmentation pspectrum, five important product ions were obtained.Two of them (m/z 853.4 and 835.4, optimized at a
collision energy of 20 eV) presented low specificity for
the determination because they can be assigned to the
neutral losses of one and two water molecules, respec-
tively ([MHH2O]
 and [MH 2H2O]
), as can
ay for abamectin in negative APCI.be seen in Figure 2. The other product ions showed
1624 GRIMALT ET AL. J Am Soc Mass Spectrom 2005, 16, 1619–1630higher specificity because they may imply the loss of
monosaccharides (fragments at m/z 565.3 and 529.2
optimized at 30 eV and 25 eV, respectively) or even the
Figure 3. Proposed fragmentation pathway for
Na or Li).rupture of the lactone ring (m/z 229.2 optimized at 30eV). This higher specificity suggested the use of the last
three transitions to develop quantitative methods.
When applying this approach after chromatogra-
ectin in positive ESI with metal adducts (Me abamphy, a peak was obtained without adding any addi-
1625J Am Soc Mass Spectrom 2005, 16, 1619–1630 LC-MS/MS RESIDUE DETERMINATION OF COMPOUNDStive in the mobile phase (estimated LOD of 100
g/L). The sensitivity increased around three times
after Et3N addition although it was still lower than in
other approaches tested (Figure 5a). The optimum
concentration of Et3N was found to be 500 M (Table 1).
As can be seen in Table 2, satisfactory RSD values were
obtained and a Q/q ratio of around two was achieved
Figure 4. Proposed fragmentation pathway
adducts.with this approach, facilitating the confirmation of posi-tive samples at concentrations near the LOD of the
method (around 30 g/L). The low sensitivity in negative
mode also has been addressed by Zywitz et al. [28], who
did not consider this approach for residue determination
of abamectin. The results of our work show that the use of
the Ion Sabre APCI interface together with the addition of
Et3N improved the method sensitivity, although this ap-
abamectin in positive ESI with ammoniumforproach is still inadequate for abamectin residue determi-
1626 GRIMALT ET AL. J Am Soc Mass Spectrom 2005, 16, 1619–1630nation without a preconcentration step during sample
treatment.
Sodium Adducts
Sodium adducts are the most commonly formed in
LC-MS-based methods. Their presence in spectra is
frequent even without adding any additive in the
infusion solution, possibly because of small amounts
of this cation in solvents, pipettes, etc. This was the
case for abamectin, where the high affinity of the
polyoxygenated structure for sodium allowed us to
optimize MS conditions without using any additive.
Figure 1b shows the mass spectrometry and the
MS/MS ESI spectra for abamectin. In the mass spec-
trometry spectrum, an abundant [M  Na] ion was
observed at m/z 895.5, with infusion in a methanol/
water medium optimized at high cone voltage (90 V).
The high intensity of the [M  Na] ion can make the
use of these adducts for quantitative determination
advisable. However, when MS/MS experiments were
Table 1. Optimization of the mobile-phase buffer for each
species studied
API interface Species
Mobile-phase
conditions
(M)
LODa
(g/L)
APCI-ion Sabre [M  H] 10 Et3N 67
100 Et3N 37
500 Et3N 29
5,000 Et3N 36
10,000 Et3N nd
ESI [M  Na] 1 NaOAc 22
10 NaOAc 7
50 NaOAc 10
[M  NH4]
 10 NH4OAc 3
100 NH4OAc 2
500 NH4OAc 3
5,000 NH4OAc 9
[M  Li] 5 LiOAc 13
10 LiOAc 3
50 LiOAc 4
APCI  Ion Sabre [M  NH4]
 10 NH4OAc 30
100 NH4OAc 14
500 NH4OAc 10
5,000 NH4OAc 12
The optimum conditions regarding sensitivity are marked in grey.
nd  not detected.
aLOD estimated from the most sensitive transition. 871.5 229.3 for [M
 H], 895.5  751.3 for [M  Na], 567.3  307.3 for [M  NH4]
, and
879.5  151.3 for [M  Li].
Table 2. Repeatability and ion ratios for the optimal LC-MS/M
API interface/mobile phase
Quantification (Q)/
transit
APCI/500 M Et3N 871.5  229.3/8
ESI/10 M NaOAc 895.5  751.3/8
ESI/100 M NH4OAc 567.3  307.3/8
APCI/500 M NH4OAc 567.3  307.3/8
ESI/10 M LiOAc 879.5  151.3/879.5performed, poor fragmentation was observed (Figure
1b, top) with low abundance of product ions, which
would decrease the sensitivity of the method. This
poor fragmentation could be explained by the rela-
tively large size of the sodium cation and its strong
interaction with oxygen atoms, which makes the
transfer of the cation from one part of the molecule to
another difficult. This transfer step is necessary in
several fragmentation mechanisms. A possible inter-
pretation of the [M  Na] fragmentation is shown in
Figure 3, where all product ions (m/z 751.3, 607.5,
and 449.3 optimized at 45eV, and m/z 183.3 opti-
mized at 55 eV) lost at least one monosaccharide
group, enhancing selectivity for quantitative determi-
nation.
Although no sodium additives were required to
obtain the [M  Na] ion in infusion experiments,
when performing chromatography, the peak obtained
for the sodium adduct without using any additive into
the mobile phase was smaller than when using the Ion
Sabre APCI in negative mode. Thus, it seems that small
amounts of Na have to be added to the chromato-
graphic mobile phase to promote efficient [M  Na]
formation. These results contrast with previously re-
ported methods [27, 30, 31], wherein only one method
[27], the adduct formation, was favored by adding
sodium acetate to the vial, but sodium salts were not
used as additives in the mobile phase in any of them. As
Table 1 shows, the optimum concentration of sodium
acetate in the mobile phase was as low as 10 M
because higher additive concentrations led to signifi-
cant ionization suppression produced by the Na itself.
Under optimum conditions, an LOD of around 7
g/L was obtained, significantly increasing the sensi-
tivity compared with APCI in negative ionization (Fig-
ure 5a, b). The repeatability of this method was worse
than with other approaches tested, although it was still
acceptable (14%; Table 2). The Q/q ratio was close to
one, that is, different product ions can be obtained with
similar sensitivity, and, therefore, confirmation of pos-
itive samples can be performed around the LOD level.
These characteristics make this approach suitable for
the direct determination of abamectin at the residue
level.
No sodium adduct was observed using APCI inter-
faces, even after the addition of sodium acetate in the
infusion solution.
ditions
rmation (q)
Q/q Ratio
RSD (%)
(n  10)
 565.3 1.7 9
 449.3 1.5 14
 567.3 2.9 7
 567.3 3.3 9S con
confi
ions
71.5
95.5
90.5
90.5 735.5 4.7 9
 Li
1627J Am Soc Mass Spectrom 2005, 16, 1619–1630 LC-MS/MS RESIDUE DETERMINATION OF COMPOUNDSAmmonium Adducts
Ammonium adducts were obtained by the addition of 5
mM of ammonium acetate into the infusion solution.
Under these conditions, a peak at m/z 890.5 correspond-
ing to [M  NH4]
 was optimized at 25 V in the ESI
interface. The higher affinity of polyoxygenated com-
pounds for Na than NH4
, gave an abundant [M 
Na] signal at m/z 895.5 that was even present after
addition of ammonium acetate (Figure 1c). The [M 
Figure 5. LC-MS/MS chromatograms for the
extract at 200 g/L in different conditions. (a) [M
[M  Na] in positive ESI 10-M NaOAc, (c) [
parent adduct as precursor ion, (d) [M  NH4]

fragment as precursor ion, (e) [M  NH4]
 in
in-source fragment as precursor ion, and (f) [MNH4]
 ion was around five times less sensitive than [M Na]; however, the MS/MS spectra of [M  NH4]

presented two abundant fragments (m/z 567.3 and 305.3
optimized at 15 and 25eV, respectively) with higher
relative intensities than those obtained from the sodium
adduct. In this case, the lower affinity of the analyte for
NH4
 may facilitate the fragmentation increasing the
sensitivity of the product ions. A possible fragmenta-
tion pathway of [M  NH4]
 is shown in Figure 4.
When using ammonium adducts it is relevant that
rmination of abamectin in the orange sample
] in negative Ion Sabre APCI 500-M Et3N, (b)
NH4]
 in positive ESI 100-M NH4OAc using
ositive ESI 100-M NH4OAc using an in-source
ive Ion Sabre APCI 500-M NH4OAc using an
] in positive ESI 10-M LiOAc.dete
H
M 
in p
posittheir easy fragmentation allows carrying out in-source
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 ion by increasing the
cone voltage up to 35 V. Under these conditions, an
in-source fragment at m/z 567.3 was obtained, which
can be used as precursor ion generating a product ion at
m/z 307.3 (collision energy of 10 eV). It is remarkable
that the product ion at m/z 305.3 was not observed
under these conditions, supporting the hypothesis that
both product ions (m/z 305.3 and 307.3) are obtained
from different fragmentation pathways (Figure 4). This
in-source fragmentation was found to be the most
sensitive approach when using chromatography, as can
be seen by comparison between Figure 5c, d, allowing a
LOD of 2 g/L (Table 1) to be reached. The good
sensitivity obtained together with satisfactory precision
(Table 2) make this approach ideal for development of
quantitative methods, the only objection being that
confirmation would only be possible at concentrations
three times higher than the LOD (Q/q around three).
Other authors [28] used several transitions using the
parent adduct as precursor ion, with more favorable
Q/q ratios, although with lower sensitivity than when
using in-source fragmentation.
As opposed to sodium adducts, the [M  NH4]
 ion
also can be formed in the APCI interface. As expected,
mass spectrometry conditions, precursor, and product
ions were identical to those obtained using the ESI
interface. Data obtained with the Ion Sabre APCI al-
lowed us to estimate a sensitivity around 10 times
higher than with APCI but still lower (around fivefold
less) than with ESI (Figure 5d, e). These data agree with
other studies regarding sensitivity obtained with both
interfaces, where ESI is preferred because of the better
sensitivity reached [28, 29, 32].
As can be seen in Table 1, the optimum concentration
of ammonium acetate in the mobile phase was higher
than with the sodium adduct because of the higher
volatility of ammonium cation. Furthermore, the opti-
mum concentration was higher in APCI (500 M) than
in ESI (100 M), which could be related with the fact
that ESI is more affected by ion suppression than APCI
[2, 35]. Much higher concentrations of ammonium ace-
tate (up to 50 mM) were used in our previous work [27],
this possibly being the reason for the unsatisfactory
results obtained with ammonium adducts.
Lithium Adducts
The formation of lithium adducts was promoted by the
addition of 1 mM of lithium acetate in the infusion
solution. Under these conditions, an abundant [M 
Li] signal at m/z 879.5 was observed at a cone voltage
of 65 V, although the presence of [M  Na] ion still
was significant (Figure 1d). At low collision energy
(lower than 35 eV) the product ion spectrum of the [M
 Li] presented the same behavior as the sodium
adduct, showing only a small fragment at m/z 735.5.
However, for the [M  Na] no more abundant frag-
ments were obtained after increasing the collision en-
ergy; in the case of [M  Li], two fragments at m/z591.5 and 151.3 were obtained at a collision energy of 45
and 50 eV, respectively. These fragments, especially the
lighter one at m/z 151.3, were more abundant and
therefore more suitable for use in a quantitative method
for abamectin residue determination. Li transfer might
be favored more than Na transfer because of their
different size as well as the different affinity of the
monosaccharide to both cations. Figure 3 shows a
possible explanation of the fragments obtained.
When applying this approach after LC, the optimal
response was obtained after adding 10 M of LiOAc in
the mobile phase achieving an LOD of 3 g/L. The
sensitivity was found to be similar to that obtained
using ammonium adducts and was notably better to
that obtained with sodium adduct (Figure 5f). To our
knowledge, there are no quantitative methods devel-
oped for the determination of polyoxygenated com-
pounds using lithium adducts. According to our data,
the sensitivity achieved, together with satisfactory pre-
cision (9% RSD), show the suitability of using this kind
of adduct for this purpose. As in the case of [M 
NH4]
, the main drawback of this approach would
come from the confirmatory point of view because the
Q/q ratio was around five (Table 2), that is, the confir-
mation only would be possible at concentrations five
times higher than the LOD.
As in the case of sodium adduct, no [M Li] signal
was obtained by ionization with the APCI interfaces.
Nickel and Cobalt Adducts
In our search for an alternative to conventional adducts,
we checked the use of nickel and cobalt acetate to
promote the respective transition-metal adducts. In
both cases the results were not satisfactory and no
signal was obtained in the ESI source. The formation of
these adducts might be explained by the loss of a proton
and additional oxygen-metal interactions, generating
the species [M Me-H], where Me corresponds to the
transition metal [21, 25]. In the case of abamectin, the
absence of the [M  Me  H] ion might be due to the
low acidity of the hydroxyl groups as well as to the low
conformational flexibility of the macrocyclic structure,
which could reduce the oxygen-metal interactions.
Conclusion
Residue determination of abamectin in complex matri-
ces, such as orange samples, can be performed using
different approaches despite the difficulties of abamec-
tin ionization in the API interfaces, although satisfac-
tory results for sensitivity are obtained only after ad-
duct formation.
For sensitivity, two effects have to be taken into
account, the affinity of the ions for adduct formation
and the abundance of product ions. In this regard the
following order was determined: [M  NH4]
  [M 
Li]  [M  Na]. Thus, the best approach seems to be
the determination of ammonium adduct by ESI using
1629J Am Soc Mass Spectrom 2005, 16, 1619–1630 LC-MS/MS RESIDUE DETERMINATION OF COMPOUNDSan in-source fragment as a precursor ion. Similar results
were obtained for [M  Li], showing the applicability
of lithium adducts for efficient quantitative analysis.
The optimization of additive concentration was of ma-
jor importance for achieving maximum sensitivity. To
perform confirmative methods, at least two transitions
should be monitored. Thus, when fragmentation is
focused on a predominant product ion, one transition is
notably more sensitive than the others. Under these
conditions, the confirmation is troublesome at concen-
trations close to the LOD of the method. This is the case
for [M Li] and [MNH4]
, where the experimental
Q/q ratios obtained were around five and three, respec-
tively. In regard to sodium adducts, the confirmation
was possible close to LOD level (Q/q ratio around one),
although the sensitivity of the quantitative method was
lower. Combining sensitivity of the method and Q/q
ratio values, the ammonium adduct allowed confirma-
tion of residues at the lowest concentration levels.
Moreover, the use of the Ion Sabre APCI notably
increased the sensitivity against conventional APCI,
being almost comparable with ESI. ESI was still found
to be the most sensitive and therefore more adequate
for abamectin residue determination. Owing to the
ionization difficulties of this analyte, other interfaces
such as atmospheric pressure photoionization (APPI)
might be useful for adequate determination. This study
shows the versatility and applicability of adduct forma-
tion for the determination of noneasily ionizable mole-
cules because up to three reliable methods could be
applied to the residue determination of a difficult
compound such as abamectin. While with other prob-
lematic analytes, each has to be considered individually
to achieve the optimum experimental conditions, the
results found here provide an interesting possibility for
the investigation of analytical solutions.
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